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ABSTRACT
Infrastructure in the United States is comprised of numerous structures that are decades
old. The Longfellow Bridge is one of the oldest pieces of this infrastructure that is still in
use and has become one of the most historic structures of the Boston area. Currently, the
steel superstructure of the bridge is in poor condition while the masonry piers and
abutments remain in good condition. In the near future, a major replacement of the
superstructure will be required. In order for the masonry elements to be approved for a
renewed design life, they must be assessed for their ability to withstand seismic loads.
This assessment presents an investigation of original construction documents and
identifies critical components of the bridge that require more in depth analysis. It also
shows a qualitative review of expected seismic activity for the region surrounding
Boston. A review of current theory related to unreinforced masonry structures is
introduced and analysis is then performed on critical wall sections. Specific ground
motions are applied using both constant acceleration and impulse loadings to the
structure. The results of the analyses reveal a need for further investigation into
retrofitting schemes as there is not a sufficient factor of safety that exists with certain pier
elements. Furthermore, a failure envelope is developed and presented for several types of
impulse loads in order to serve as a basis for understanding the behavioral response to
potential earthquake loading.
Thesis Supervisor: Jerome Connor
Title: Professor of Civil Engineering
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1.0 INTRODUCTION
A majority of the infrastructure in the United States has existed for decades and many structures
are well over a century old. More importantly, some of these structures were built in a time
where older construction techniques were implemented and the design of these structures did not
incorporate any details or design methodologies for seismic activity. One subset of this group is
structures that were built using unreinforced masonry units, including brick, stone, and so on.
Unreinforced masonry structures face particular danger in seismic activity due to the nature of
their discrete building elements that rely largely on gravity for their stability. Furthermore, there
is rarely an intimate connection formed between discrete elements aside from mortar joints. If
the gravity loading forces in these structures are reversed as a result of a particular event, the
result could be a combination of severe local damage or catastrophic overall structural failure.
Therefore, structures faced with the possibility of this failure type must be assessed for their
seismic structural integrity and if necessary, retrofitting strategies should be considered.
The Longfellow Bridge is one of the most significant structures in and around the city of Boston.
It currently crosses Boston's Charles River and connects two of the oldest communities in the
United States, Boston and Cambridge, both robust cultural areas of Massachusetts. The bridge
joins the downtown medical area of Boston and Kendall Square with MIT in Cambridge.
Furthermore, the bridge links the areas of significant real estate that have developed around each
of these areas.
The bridge is owned by the Metropolitan District Commission (MDC) and in addition to
connecting Boston and Cambridge with vehicular and pedestrian traffic, it also carries the
Massachusetts Bay Transportation Authority (MBTA) Red Line train. The overall bridge is
approximately 2000 feet long with 14 spans and has no skew angle. The Boston side contains
one approach span while the Cambridge side contains two approach spans leaving 1767 feet and
6 inches (11 spans) to cross the Charles River. The existing Longfellow Bridge was constructed
in order to replace the city's Old West Boston Bridge that had been previously built in 1793. The
Longfellow Bridge was constructed in 1904 with a total construction cost of $2.65 million
dollars and total project length of seven years. Both architecturally and structurally, the massive
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piers in center of the river are the most impressive aspects of the bridge, which are the reason
why the bridge has been nicknamed by the surrounding community as the "Salt and Pepper
Shaker Bridge". These main piers and the remaining eight smaller piers have withstood the
effects from more than a century of aging remarkably well.
The superstructure of the Longfellow bridge is a highly visible example of the construction
techniques that were used at the turn of the 2 0th Century. Each span between the masonry piers is
supported by steel arches that are riveted together. Struts are laced with steel plate and riveted
which extend from the arches up to the bridge deck. The thousands of rivet connections that were
used in the original construction are an example of how expensive material was in the early
1900's when compared to labor costs. In today's construction economy, this design would never
be possible, as labor costs far outweigh material (specifically steel) costs. However, many of the
elements in the steel superstructure have been deemed to be in fair to poor condition by an
investigative report issued in 2002 by Edwards and Kelcey.
With a bridge that is more than a century old, many issues surface when considering its future.
The superstructure is currently in a state of disrepair while the piers and substructure are in good
condition. The steel superstructure will continue to deteriorate from corrosion with time and will
soon require partial or total replacement. At that point, the decision to repair or replace the bridge
will be considered.
The Longfellow Bridge has a deep history and a strong cultural significance. There are several
options for bridge replacement and restoration that are available with current construction
technology. The bridge's cultural and historical significance as well as the good condition of the
piers and their durability for future use make repair of the bridge a more cost effective solution
that will also preserve the historic landmark. However, before the piers are approved for a
renewed design life, an assessment of their ability to sustain seismic load must be performed.
-6-
2.0 BACKGROUND
Unreinforced masonry structures are at particular risk for seismic events. The Longfellow Bridge
Piers were designed exceptionally well for the era in which they were constructed. However,
they still face potential damage from seismic loading. For the purposes of this assessment,
analysis of the entire bridge is not possible for the scope allowed. Therefore, the following is an
investigation into the original construction documents to determine key areas of the piers that
require further investigation and analysis.
2.1 Longfellow Bridge
Note: The figures in this section were obtained from original construction
documents exclusively (photographs are original from the author). A view of the
abutments and piers is seen in Figure 2.1.
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2.1.1 Typical Pier Construction
Each of the abutments and piers are constructed with wooden piles that use
concrete pile caps to form the foundation for the superstructure and the rest of the
masonry substructure. A detailed view of the original drawing showing these
details is seen in Figure 2.2.
S.' C.
Figure 2.2 Typical Pier Cross Section (Pier 4)
In the lower half of the pier section, there are masonry unit walls at the perimeter,
and the center of the pier is filled with concrete. This is the area where the steel
arches frame into the pier as seen in Figure 2.3 which is indicated by the red
arrows. As the section drawing shows, there are very large masonry blocks (noted
as skewbacks in Figure 2.2) that abut the steel arch in order to transfer the thrust
from the arches into the piers. Behind the blocks, concrete is in place to provide
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sufficient support. Granite perimeter walls with concrete infill then continue down
to the concrete mat foundation.
Figure 2.3 Steel Arch Connection Locations
Two concrete cross walls are in each of the smaller piers located at the edge of
each of the train alignments. Therefore, the masonry wall has an area that is
laterally un-braced along the wall, which is approximately the width of the two
lane vehicular alignment on each side. This portion of the wall is not backfilled
with concrete unlike the sections beneath it. This can be seen in Figure 2.2 in the
right hand side elevation view where the section in the middle is white in contrast
to the grey colored concrete section near the thrust blocks for the steel arches.
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2.1.2 Main "Salt and Pepper" Piers
The construction of the main piers is similar in layout with a larger scale. The
masonry blocks for the steel arches are also similar. However, because of the
larger scale, concrete cross walls are implemented frequently in order to
strengthen the walls and provide support for the superstructure above. An
elevation and section of one of the main piers (Pier 5) are provided in Figures 2.4
and 2.5.
Figure 2.4 Main Pier Cross Section (Pier 5)
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Figure 2.5 Pier Cross Section (Pier 5)
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2.1.3 Main Pier Towers
The two main piers of the Longfellow Bridge each contain 2 masonry towers that
form the focal point of the bridge and are the reasoning behind its nickname. The
base layout can be seen in Figure 2.2 on the left hand side, where a plan view of
the top of the tower is visible. The footing and foundation layout is visible on the
right hand side of the figure. The towers extend 60 feet above the deck surface
level and are approximately 25 feet wide.
2.2 Review of Original Drawings
After a review of the construction documents, several conclusions and assumptions can
be stated that are relevant for further analysis into the masonry piers. Many of these
conclusions eliminate the need for detailed analysis of several sections of the bridge, as
the purpose of this investigation is to identify potentially critical regions of the piers.
It is important to note that this report and its scope do not fully investigate all problems
that could be present with seismic loads on the bridge and a more detailed analysis would
be required in order to fully understand the behavior of the bridge.
2.2.1 Assumptions from the Documents
The primary elements of the bridge fall into three categories:
* Abutments and adjacent wing walls
* Piers 1-4 and 7-10: These piers contain similar construction details
despite the layout and dimensions of each of the piers being different.
* Piers 5 & 6: As mentioned before, these are the "Salt and Pepper Shaker"
or the central largest piers on the bridge and exhibit different details than
the smaller piers. Also, the 60 foot tall towers are at these two locations.
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In general, the bridge piers and abutments are extremely wide with respect to their
height when considering seismic loads that are in the direction across the bridge
(north-south, see Figure 2.1). The walls in this direction are extremely long and
the primary forces for the wall to restrain would be the associated seismic shear
force.
With respect to seismic stability of the groups of masonry elements (as previously
described), the abutments as well as Piers 5 & 6 are more "squat" in geometry.
Therefore, the aspect ratios (aspect ratio = height / width) for these portions are
lower. The remaining piers 1-4 and 7-10 have larger aspect ratios and could be at
higher risk to seismic excitations in the direction along the bridges longitudinal
axis (east-west, see Figure 2.1).
The abutments and wing walls are surrounded by earth backfill as they form the
transition of the bridge into the banks on each side of the river. Also, there are
towers on each of the banks that are similar in construction to the towers that are
atop Piers 5 and 6. However, the towers that are on top of the piers are taller as
well as more slender than the towers on the abutments.
2.2.2 Conclusions from the Documents
As mentioned previously, the main purpose of this investigation is to isolate
specific areas for more detailed analysis. Piers 4 and 7 are the most critical areas
for analysis, as they have the same details as the remaining smaller piers but
contain walls that are tallest among them. Furthermore, these piers do not contain
the excess reinforcing that the central Piers 5 and 6 do in order to support the
towers. Specifically, the main difference between the piers is the placement and
quantity of the concrete cross walls that were previously explained in Sections
2.1.1 and 2.1.2. The lack of frequent cross walls in Piers 4 and 7 may create areas
of instability in these sections of the walls under seismic load.
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2.3 Boston Area Seismicity
When considering a seismic assessment of an unreinforced masonry structure such as the
Longfellow Bridge in Boston, it is crucial to understand the types of loading that the
structure could experience. What makes this task particularly difficult is the lack of
seismic activity and records in the Eastern United States. Much of the available data is
recorded from sites in the Western United States and Japan among other areas of the
world. With this lack of data for the Longfellow Bridge site, existing data that is available
must be evaluated and extrapolated to develop useful information.
An extremely low number of seismic events have occurred in Boston and around New
England in recorded history. According to the USGS, there are not many significant
events that have occurred, with only nineteen having an intensity of at least V on the
Modified Mercalli Scale (see Appendix A). The most significant recent earthquake in the
area occurred in 1755 off of Cape Ann, which is North of Boston approximately halfway
between Boston and the New Hampshire border. Since then, several moderate
earthquakes have been recorded and another moderate one in 1925 once again off Cape
Ann [www.earthquake.. .history]. USGS also recently updated the seismic hazard maps
for 2008 in the Documentation Report by Petersen et. al. Figure 2.6 shows the seismic
hazard map for Central and Eastern United States. New England falls within the region in
which the maximum expected intensity for an earthquake would be a 7.5 on the Richter
Scale [Petersen]. Also note the larger earthquakes shown off of Cape Ann in Figure 2.6
(stars on map).
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Figure 2.6 USGS 2008 Seismic Hazard Map
Hines has investigated ground motions that are likely in the Boston area and provides a
suite of ground motions that can be applied to unreinforced masonry structures for
analysis and design. Hines provides a list of expected earthquake characteristics for
Boston, which is seen in Figure 2.7.
Table 1: Parameters for an Expected Boston Earthquake
Magnitude 5.5 - 7
Peak Ground Acceleration (PGA) (g) 0.05-0.3
Distance NJA
Duration" < 20 seconds for rock sites
< 10 seconds for soil sites
Frequency See target spectrum
"Note the duration was only used to justify the use of earthquakes
with a magnitude larger than 7.0
Figure 2.7 Expected earthquake data for Boston from Hines
Specifically for Boston, Hines explains that the source location of the earthquake is not a
factor due to the fact that seismic waves are permitted to travel further in the Eastern
United States unlike areas of high seismic activity [Hines] which is most likely a factor of
differing ground and soil conditions. Also, Boston and other areas of the Eastern United
States are not significantly close to tectonic plate boundaries in contrast to places such as
California or Japan. Figure 2.8 shows a graph of expected ground motions for Boston that
Hines developed, which is a combination of simulated ground motion data and previously
recorded earthquakes.
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Figure 2.8 Expected Ground Motion for Boston from Hines
2.4 Rocking Block Behavior
Several theories have been developed over the years attempting to model the behavior of
rocking block structures. Many approaches involve approximating the vibration of the
block to a Single Degree of Freedom Oscillator. Some models accomplish this by
introducing the oscillator with a constant damping force. However, the problem with
many models is approaching the nature of the rocking block behavior from an elastic
response behavior, which is not correct. DeJong presented this problem and investigated
rocking block dynamics from a rigid body dynamics perspective. A review of rocking
block behavior is presented and provides a first order of analysis that can be applied to
the masonry blocks of the Longfellow Bridge Piers. Early research was performed by
Housner. The behavioral response of rocking structures was found to be sensitive
sometimes to smaller ground motions as the amplitude of the rocking can build over
several cycles of motion [Housner]. This motion can build enough to cause overturning
of the block, and this is the first order of analysis that is necessary for the Longfellow
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Bridge Piers. Each discrete element can undergo rocking and eventually overturning.
However, in a wall configuration, the problem becomes more difficult to analyze.
2.4.1 Rocking Block Motion
For rocking block analysis, the main behavior is the transition of the rotation
about each of the blocks bottom two points, as Housner explains [Housner]. The
motion is described by DeJong with Figure 2.9:
B
C.
R
O'
+0
u 0 x
Figure 2.9 Rocking Block Geometry [DeJong a]
DeJong prescribes the equations of motion of the structure with a set of non-linear
equations:
0" + sin(a-0) = -(iig/g)cos(a-0) for 0 > 0 Equation 2.1 [DeJong a]
0" + sin(--08) = -(fig/g)cos(-a-0) for 0 < 0
where iig is the ground acceleration, g is the acceleration of gravity and
0"= d2 o / d-? and 7= tp = t 3g /(4R) , which is dimensionless time [DeJong a].
As the block passes through its initial resting position, the energy decreases due to
an associated impact. The block contains some velocity before impact and
therefore has a rotational velocity. DeJong explains this decrease as a "coefficient
of restitution" by comparing the total energy before and after the impact:
' E
C 0' or CE - , where CE = C, Equation 2.2 [DeJong a]
before before
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This was compared to Housner's coefficient of restitution that was derived strictly
on the block geometry:
CE = 1 -sin 2 a Equation 2.3 [DeJong a]
2.4.2 Block Energy and Overturning
DeJong notes that in order for block instability to occur, a prescribed amount of
energy input is required and the key to measuring the energy is to first derive the
energy input on the system, which he does by using the initial equations of motion
(Equation 2.1):
dE/dr = -mRiig'cos(a-0) for 0 > 0 Equation 2.4 [DeJong a]
dE/dr = -mRiig9'cos(a-0) for 0 < 0
From these equations, the particular ground motion that a rocking block is most
sensitive to can be obtained by optimizing or maximizing the energy input, which
DeJong evaluates as:
t+At
Uiig = max - mRiigO'cos(a - 0)dt Equation 2.5 [DeJong a]
From this equation, a comparison between 0 and a (see Figure 2.9) gives a
measure of the level of "tilt" in the block because 0 is the angle of the block with
respect to the ground and a is the measure of the face of the block with respect to
its center of gravity. The value of 0/a increases with time for ground motions that
have a constant frequency. This fact is what separates rocking structures from
elastic structures because their natural frequency is not fixed [DeJong a].
2.4.3 Periodic Motion on Rocking Blocks
DeJong also presents an explanation for impulse loading and multiple impulses on
rocking structures. Impulses can pose significant threat to rocking structures and
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can create potentially catastrophic instability. With multiple impulses, the most
important aspects are the current rocking frequency of the structure as well as the
magnitude and timing of the next impulse. If the frequency of the impulse is
significantly different than the natural rocking frequency, the energy input to the
structure will be extremely limited [DeJong a].
When earthquake loads are considered, time histories can be treated as a series of
hundreds of impulse loads. Understanding the effect that these loads have on a
rocking structure is a difficult task. However, in most time histories, there is a
clear, distinct impulse that dominates the rest of the motion. Understanding the
effect of this impulse is a much more approachable task.
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3.0 ANALYSIS
3.1 Wall Geometry and Properties
The construction documents, as described in section 2.1, provided specific details as to
the sizing of each discrete granite masonry element in order to create a model for first
order static analysis and UDEC software analysis. Figure 3.1 and Figure 3.2 show
elevation and sections drawings of Piers 4 and 7 with dimensions. This particular cross
section is taken at the middle of the pier (away from the edges of the bridge).
---
7.1---
--- ---- -----
' __ __ _ - --- --- --- . .. ... . ,___'-- -- ' --.-, .. _ _
/ALF SIDE ELVATION.
Figure 3.1 Pier 4 Side Elevation with Dimensions
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Cross Section with Dimensions
Total height of the analyzed section is approximately 25 feet tall which includes the
height of the deck. From the 2002 Edwards and Kelcey Report the deck appears to be
approximately 12 inches thick and will be the assumed dimension for modeling purposes.
Typical properties for the materials are assumed for the granite blocks and concrete deck
and are reported in Table 3.1. Note that the total width of the wall is 2 feet but B is listed
as 1.66 feet in Table 3.1. This is to account for the rounded corners that older granite
pieces tend to exhibit.
Table 3.1 Wall Properties and Dimensions
Total Height= 24 feet
Unit Weight Granite= 170 pounds per cubic foot
Unit Weight Concrete= 145 pounds per cubic foot
Base of Wall, B= 1.66 feet
Force from Deck, F= 1305 pounds
Gravity, g= 32.3 feet/second 2
3.2 First Order Analysis: Static Solution
In order to understand the behavior of the wall under periodic loading, an assessment of
static acceleration forces must be performed. This places a horizontal acceleration on the
wall where the response is internal inertia forces from wall segments that are countered
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by the reactions at the bottom and top of the wall. A free body diagram of the wall under
acceleration is shown in Figure 3.3.
MW 24feet
H
R R
Figure 3.3 Free Body Diagram of Wall
The failure mechanism of the wall is shown on the right hand side of the figure where a
pivot point develops in the wall at height H. In order to solve for the value of
acceleration, or iig, the left hand side of the figure must be evaluated to determine a value
of Ri. From global equilibrium of forces, the moment is taken about the base where the
reactions are located and the expression for R1 is as follows:
R =M gB4 Equation 3.1
Note also that:
M = m1 + m 2 Equation 3.2
The quantities Rx and Ry can now be determined as:
Rx = Mg - M
x *2 48
Equation 3.3
Equation 3.4
Once the reactions are determined, the right hand side of the figure can be used to
evaluate a value of acceleration that causes instability. As explained in Section 2.4,
rocking block behavior will lead to overturning if the energy or forces in the block
- 22-
R, =Mg + F
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produce a resultant force that cannot be resisted by the restoring forces, which depend on
the geometry of the block and its base dimension in particular (see Figure 2.9). In the
case of the Longfellow Pier Wall, there is a failure mechanism that where an instability
will form at height H in the wall. In this area of the wall, there is local instability as
described by the rocking block motion. The two sections that form can be treated as
larger blocks since they are held together by the bond strength both in shear and in the
vertical direction. In order to evaluate the wall for failure, the bottom block alone can be
considered since the reaction forces in the top block are incorporated in the reaction
forces at the base. The free body diagram of the bottom block is shown in Figure 3.4.
RA,y
A ,x
H m2 m2
R
tRY
Figure 3.4 Free Body Diagram of Bottom Block
Taking rotational equilibrium of the block about point A eliminates the forces RA,x and
RA,y from the failure analysis. Furthermore, because the pivot point at A produces a hinge
mechanism in the wall, the moment carrying capacity of point A is near or equal to zero
and the expression for rotational equilibrium is therefore:
m2iiH m2 gB
MA = 0 = RB+ 2 RH 2 Equation3.5
Equations 3.3 and 3.4 can then be substituted into Equation 3.5. Furthermore, Equation
3.2 is used to separate the total mass of the structure into the block mass components
when necessary. Finally, the equation can be solved for iig and simplified:
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ig = 2B [F +g m 2 MH
' Hm 1 2 48
Using Equation 3.6, several different values of H can be evaluated in order to determine a
corresponding iig and from there, the optimum location for H will be the lowest value of
iig and is the location of failure. Table 3.2 represents the potential values of H, which
correspond to the discrete block joint locations. The wall failure may occur in a block
element itself, but this is unlikely due to the strength of the granite blocks being
significantly higher than the bond strength between block elements. This is why the
analysis is run in Table 3.2 with H values increasing by an increment of 2 feet.
Table 3.2 Required Acceleration with Height, H
ml m 2  urequirel oH (feet) (slug) (slug) (feet/s) g
2 193 18 65.08 2.015
4 175 35 33.10 1.025
6 158 53 22.53 0.697
8 140 70 17.33 0.536
10 123 88 14.30 0.443
12 105 105 12.41 0.384
14 88 123 11.23 0.348
16 70 140 10.60 0.328
18 53 158 10.57 0.327
20 35 175 11.58 0.359
22 18 193 16.16 0.500
The optimum value of H is seen in yellow in the Table 3.2 with a value H=1 8 feet. A plot
of the required acceleration for failure against the Height, H can be seen in Figure 3.5.
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Equation 3.6
Figure 3.5 Wall Failure Analysis
3.3 Second Order Analysis: UDEC Software
UDEC software is a discrete element modeling software package that models the
dynamic behavior of discrete elements and the interaction between elements of a given
structure. This is particularly applicable to the Longfellow Pier Wall since many other
analysis methods may incorporate false assumptions. One method would be to reduce the
wall to a Single Degree of Freedom Oscillator and evaluate structural stiffness and
damping of the mass. However, this would model elastic strains, which is not the case
with unreinforced masonry. UDEC incorporates the use of rigid body dynamics, as
explained partly in Section 2.4 and will allow for more advanced and accurate analysis of
the wall, especially with sinusoidal impulse loads.
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3.3.1 Model Setup
In order to use UDEC, command scripting is required to define block and
structure geometry as well as several parameters of the system, which will be
explained. A proprietary command language known as FISH is used for the
software to run. In order to simplify efforts to model and analyze the structure
using UDEC, metric units are used instead of imperial.
3.3.2 Case 1: First Order Analysis Comparison
The first run for the UDEC analysis incorporates building the model with a
horizontal acceleration. The purpose of this is two fold. First, the software
analysis will serve as a direct comparison to the hand analysis presented in
Section 3.2. Secondly, it will serve as a base line for comparison with the impulse
loads which will be analyzed subsequently.
For detailed scripting commands, see Appendix B, which contains the script files
that were used for all UDEC analyses. The first step required with the software is
to setup the geometry of the model, which begins with defining a solid block that
envelops the entire model area. From there cracks and cut regions are defined
which form the structure. Also, a global parameter is set to create a rounded edge
to each of the elements that are defined. The assumed comer radius for the granite
blocks of the Longfellow Piers is set to 2 inches, which is due to the age of the
granite. A finer radius would only apply to newer material or material that has
been repaired or recently cut along its edges. A final representation of the
geometry as constructed using UDEC is shown in Figure 3.6. In this
configuration, the gravity settlement is complete which is indicated by the
velocity vector arrows at each block. Note the bottom block which is continuous
along the bottom of the wall sections. This block serves as the substrate for the
walls and will be used when prescribing model boundary conditions.
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Figure 3.6 UDEC Wall Geometry
Once the geometry is defined in UDEC, several parameters and material
properties must be defined. To begin, boundary conditions must be defined for
certain elements of the model. The base block is fixed in location, which will hold
the block from moving unless a forcing function is applied directly to the block.
Similarly, the two small blocks on either side of the deck are fixed for location in
order to simulate the adjacent deck sections that are part of the steel arch
superstructure. These elements supply the resisting forces that allow the top of the
wall to be restrained by a lateral reaction force. This reaction force is modeled in
Section 3.2 as R1 (see Figure 3.3).
Gravity is then set to 32.2 feet/second2 (9.81 meters/second2). Material properties
are obtained from typically accepted values for granite due to the lack of testing
availability for the existing granite material on the piers and are presented as
follows:
* Granite Young's Modulus = 20139 pounds/square foot (20 gigapascals in
the model) [New England Research]
* Density = 170 pounds per cubic foot (2750 kilograms per cubic meter in
the model) [www.uts.ccutexas.edu....]
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Within each joint of the model, joint stiffness must be specified. Two sets of
properties are specified in the model; one for general granite elements and a
second low friction set for the small blocks on either side of the block at the top
that represents the deck. The purpose of specifying a low friction joint is to allow
for vertical movement between the block and the deck but maintain lateral force
capability. Several modeling parameters are discussed by DeJong and the formula
for joint stiffness in rocking blocks is defined as:
k Eb Equation 3.7 [DeJong b]
h
Because the base and height dimensions are equal in this case, the joint stiffness is
simply equal to the modulus of the granite.
A preliminary computation must be run in the model with a time interval of 1
second that only applies gravity. This consolidates the blocks and ensures they are
in intimate contact with one another. Without this step, lateral slip may occur
when applying horizontal forces. The lateral acceleration is subsequently applied
to the structure. The forcing function for the acceleration increases linearly with
time and raises the magnitude of acceleration applied until failure occurs.
In UDEC, specific locations can be tracked for velocity and displacement with
time. Figure 3.7 shows a plot of the block velocity against time. This plot is for
the element that moves first on the right hand side wall (near where the pivot
point develops). Where the graph begins increasing in velocity is the point in time
where failure occurs, which is near the value of 4 seconds on the graph. It is
important to note that the x-axis on the graph begins at 1 second, due to the
preceding one second consolidation period. Therefore, the actual time to failure
for the wall is 3 seconds.
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Figure 3.7 Plot of Block Velocity Near Failure Location
Finally, the forcing function in the model is applied such that the time axis has the
same value as the acceleration applied at that point (in meters/second) and the
failure time of three seconds corresponds to a value of acceleration at failure
which is equal to 3 meters/second 2, or 9.85 feet/second 2. Figure 3.8 shows images
of the wall as it progresses towards total failure under the acceleration (arrows at
each block indicate velocity).
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a. Wall at 3 seconds b. Wall at 3.75 seconds
c. Wall at 4 seconds d. Wall at 4.25 seconds
Figure 3.8 Wall at Chosen Time Intervals
3.3.3 Case 2: Sinusoidal Impulse Loading
For modeling purposes, many of the same characteristics from Case 1 are used as
described in Section 3.3.2. However, the primary difference is the nature of the
loading on the wall. In Case 1, a horizontal acceleration is applied to the structure
and increased linearly until failure. In Case 2, the effects of a sinusoidal impulse
load are examined.
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First, a periodic ground motion is considered as:
u, = Asin(2nft) Equation 3.8
Where ug is the ground displacement, A is the amplitude of the maximum
displacement,f is the frequency and t is time. Differentiating the ground
displacement to obtain velocity and acceleration yields:
iug = 2nf * A cos(2Zft) Equation 3.9
ii, = -(2nfY) * Asin(2nft) Equation 3.10
For use with UDEC, the input must be a velocity wave function. Therefore, A
must be evaluated and can be determined from solving the equation for iig and
setting sin(2rft) equal to one and the solution for A is as follows:
A= abs - )2  Equation 3.11
(2f )2 J (2)7f)
This expression requires the user to select a value of frequency and acceleration in
order for A to be evaluated.
Damping for the blocks is defined using Rayleigh Damping:
C = aM + 8K Equation 3.12
First, the frequency for rotational impact must be prescribed, which is described
by DeJong as:
crt = 2= 3.75 radians per secondV 2m
Equation 3.13
The coefficient f can be approximated using acrit by:
Pf= -2" -0.00063 Equation 3.14
crit
Damping for Equation 3.14 is assumed to be 100% to account for local damping.
Furthermore, in Equation 3.12 mass proportional damping is assumed to be zero
since the structure is heavily dependant on stiffness based damping (the OK
portion of the Rayleigh Damping).
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Once these parameters are defined, combinations of frequency and acceleration
can be applied to the structure to determine the structural response. As stated
previously, Equation 3.11 requires input of both of these values in order to run a
UDEC Case 2 analysis. For a given acceleration value, several values of period, T
can be run by trial and error until failure of the wall is obtained. Table 3.3 shows
various values of period and corresponding acceleration for failure conditions.
Table 3.3 Impulse Amplitudes
Acceleration Period, Frequency Amplitude
(feet/s 2) T (sec) (Hz) (feet)
58.22 0.50 2.00 0.37
32.31 0.65 1.54 0.35
18.93 0.75 1.33 0.27
14.76 1.00 1.00 0.37
13.12 1.30 0.77 0.56
11.28 2.00 0.50 1.14
The values of period and acceleration can be plotted to show a failure envelope
for the wall against impulse loads, which is shown in Figure 3.9. The horizontal
dashed line in the graph is the value of acceleration obtained from the static
solution (solved in Section 3.3.3). The value is 9.85 feet/second2 which represents
the failure of an impulse load with T = oo.
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Figure 3.9 Failure Envelope with Impulse Load
Figure 3.10 shows images of the wall as it responds to an impulse load that does
not cause failure (arrows at each block indicate velocity).
-33-
b. Wall at 3 seconds
c. Wall at 3.5 seconds d. Wall at 3.9 seconds
Acceleration = 18.4 feet/second2
Period = 0.75 seconds
Figure 3.10 Wall at Chosen Time Intervals
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a. Wall at 2 seconds
Plots of the displacement and velocity of one of the blocks is shown in Figure
3.11. The location of the block is at the pivot point on the right hand side wall
(see Figure 3.10 for location).
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Figure 3.11 Block Displacement and Velocity
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4.0 DISCUSSION
A seismic assessment of The Longfellow Bridge would require in depth investigation into
several aspects of the bridge as well as existing conditions inspections in order to provide a
complete analysis. From the limited availability of time and resources, this assessment uses
engineering judgment to narrow the range of possibilities for analysis down to the most critical
aspect of the bridge. Section 2.1 provides specific details which explain the need for analysis of
the laterally un-braced walls in Piers 4 and 7.
For analysis of this section of the piers, understanding of rocking block structures is important as
the conventional analysis methods for elastic structures do not apply. Section 2.4 introduces a
brief summary of rocking block and structure behavior. From this theory, a static analysis is
performed on the masonry wall using a constant acceleration (or an infinite duration load) which
is shown in Section 3.2. The ultimate acceleration for failure is approximately 10.57 feet per
second 2, or 0.327g.
In Section 3.3.2, the same analysis is performed using the discrete element modeling software
UDEC. The ultimate acceleration obtained from the analysis is 9.85 feet per second 2, or 0.306g.
The error between the two analysis methods is 6.4%. The difference in values is primarily due to
the fact that the static analysis in Section 3.2 assumes infinitely stiff granite block elements and
joints. In the UDEC model, a material as well as a joint stiffness is prescribed. The stiffness of
the elements introduces some compliance in the model, or flexibility. When the failure occurs,
the hinge point experiences extremely high stresses, and therefore the joint will compress
slightly, which may cause the "snap through" failure to occur with less force. Therefore, the
UDEC analysis is expected to have a slightly lower threshold for wall failure than the static
analysis, which is evident from the 6.4% error.
The static solution serves as a base line value for Case 2 analysis. Case 2 investigates the effect
of impulse loading on the structure, which is presented in Section 3.3.3. The loading for this case
is a single sinusoidal impulse load. From the rocking block theory presented in Section 2.4, a
rocking block can be susceptible to an impulse load only if the period of the load is relatively
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close to the natural frequency of the structure. Furthermore, the concept of initial energy is
explained by stating that the current state of motion of the structure is crucial to its behavior from
an impulse. Within the Case 2 analysis, several impulse periods are selected and values of
acceleration are adjusted until the wall fails, which is shown in Figure 3.9. As the period of the
load changes, it is clear that the acceleration must also change from the initial energy concept.
The first force (half wavelength) applied to the wall creates the initial energy of the wall. The
second force is what causes the failure. Since the magnitudes of each of the forces associated
with the impulse are equal, the first force imparts initial energy to the structure and the second
increases the energy and leads to overturning of the wall. Therefore, the rocking frequency after
the initial load is equal to the frequency of the second load, which is why the second load adds
energy to the system and causes failure.
The most important aspect of this behavior is how the period affects the required energy input to
the system. In Figure 3.9, this is clearly shown as the required acceleration for failure increases
as the period of the load decreases. The failure curve is developed for the impulse load, but the
failure can occur in one of two ways. The line of failure (shown as a blue line in the figure) is
based on the behavior previously described in which the second force of the impulse causes
failure. However, if the acceleration value is raised significantly, the first load of the impulse is
enough to fail the wall by itself. Therefore, the area under the curve in Figure 3.8 can be
considered a safe region.
From the nature of the loading that is described in Section 2.3, it is somewhat unclear as to what
type of earthquake and what specific ground motions are possible for Boston. This is because of
two reasons. First, there is a severe lack of data for recorded seismic activity in the region.
Secondly any predictions of ground motions for Boston, as described by Hines, are an
extrapolation of earthquakes that have occurred in areas of high seismicity. Nevertheless, the
maximum expected ground acceleration for this region is reported in Figure 2.7 is 0.3g, or 9.66
feet per second 2 [Hines]. The factor of safety between the maximum expected value and the
predicted static failure limits of the wall is as follows:
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9.85 feet
F.S. = Capacity second= 1.02
Expected (9.66feet)
second
Equation 4.1
Although the maximum expected value is derived from slightly inaccurate methods, the fact that
the value is remotely close to the predicted value from the analysis presented in Chapter 3
establishes a need for further investigation into possible retrofitting strategies for the walls.
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5.0 CONCLUSION
Infrastructure in the United States contains structures that are decades old and the Longfellow
Bridge is one of the oldest pieces of this infrastructure that is still in use. Over its life, the bridge
has become one of the most historic structures in the Boston area. In the near future, a major
replacement of the superstructure will be required and in order for the masonry elements to be
approved for a renewed design life, they must be assessed for their performance with seismic
loads. While further investigation into the bridge is required in order to fully understand the
structural response of the bridge, a detailed approach for analyzing critical sections and their
response seismic loads is presented.
This assessment provides an investigation of original construction documents and identifies
critical components of the bridge that require more in depth analysis in Sections 2.1 and 2.2. The
most critical sections found are the laterally un-braced walls that are in Piers 4 and 7. Next, an
explanation of expected seismic activity for the region surrounding Boston is offered in Section
2.3. Review of current theory related to unreinforced masonry structures is introduced and
analysis is then performed on the critical wall sections. Specific ground motions are used
applying both constant acceleration and impulse loadings to the structure. The failure envelope
developed in Section 3.3.3 serves as a basis for understanding the behavioral response to
potential earthquake loading. Although uncertainties exist in what specific seismic activity is
expected in Boston, the value of the expected ground acceleration is relatively close to the range
of values for failure of the wall. The low safety factor for the wall could present the structure
with damage or total failure if it were to experience a moderate to severe seismic event, which
validates the need for seismic retrofitting strategies to be evaluated for implementation with the
Longfellow Bridge Piers.
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APPENDIX A
MODIFIED MERCALLI SCALE
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Source: http://earthquake.usgs.gov/learning/topics/mercalli.php
The effect of an earthquake on the Earth's surface is called the intensity. The intensity scale
consists of a series of certain key responses such as people awakening, movement of furniture,
damage to chimneys, and finally - total destruction. Although numerous intensity scales have
been developed over the last several hundred years to evaluate the effects of earthquakes, the one
currently used in the United States is the Modified Mercalli (MM) Intensity Scale. It was
developed in 1931 by the American seismologists Harry Wood and Frank Neumann. This scale,
composed of 12 increasing levels of intensity that range from imperceptible shaking to
catastrophic destruction, is designated by Roman numerals. It does not have a mathematical
basis; instead it is an arbitrary ranking based on observed effects.
The Modified Mercalli Intensity value assigned to a specific site after an earthquake has a more
meaningful measure of severity to the nonscientist than the magnitude because intensity refers to
the effects actually experienced at that place.
The lower numbers of the intensity scale generally deal with the manner in which the earthquake
is felt by people. The higher numbers of the scale are based on observed structural damage.
Structural engineers usually contribute information for assigning intensity values of VIII or
above.
The following is an abbreviated description of the 12 levels of Modified Mercalli intensity.
I. Not felt except by a very few under especially favorable conditions.
II. Felt only by a few persons at rest, especially on upper floors ofbuildings.
III. Felt quite noticeably by persons indoors, especially on upper floors of buildings.
Many people do not recognize it as an earthquake. Standing motor cars may rock slightly.
Vibrations similar to the passing of a truck. Duration estimated.
IV. Felt indoors by many, outdoors by few during the day. At night, some awakened.
Dishes, windows, doors disturbed; walls make cracking sound. Sensation like heavy truck
striking building. Standing motor cars rocked noticeably.
V. Felt by nearly everyone; many awakened. Some dishes, windows broken. Unstable
objects overturned. Pendulum clocks may stop.
VI. Felt by all, many frightened. Some heavy furniture moved; a few instances of fallen
plaster. Damage slight.
VII. Damage negligible in buildings of good design and construction; slight to moderate
in well-built ordinary structures; considerable damage in poorly built or badly designed
structures; some chimneys broken.
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VIII. Damage slight in specially designed structures; considerable damage in ordinary
substantial buildings with partial collapse. Damage great in poorly built structures. Fall of
chimneys, factory stacks, columns, monuments, walls. Heavy furniture overturned.
IX. Damage considerable in specially designed structures; well-designed frame structures
thrown out of plumb. Damage great in substantial buildings, with partial collapse.
Buildings shifted off foundations.
X. Some well-built wooden structures destroyed; most masonry and frame structures
destroyed with foundations. Rails bent.
XI. Few, if any (masonry) structures remain standing. Bridges destroyed. Rails bent
greatly.
XII. Damage total. Lines of sight and level are distorted. Objects thrown into the air.
Abridged from The Severity of an Earthquake, a U. S. Geological Survey General Interest Publication.
U.S. GOVERNMENT PRINTING OFFICE: 1989-288-913
This publication is one of a series of general interest publications prepared by the U.S.
Geological Survey to provide information about the earth sciences, natural resources, and the
environment. To obtain a catalog of additional titles in the series "General Interest Publications
of the U.S. Geological Survey," write:
U.S. Geological Survey
Information Services
Box 25286
Denver, CO 80225
As the Nation's principal conservation agency, the Department of the Interior has the
responsibility for most of our nationally owned public lands and natural resources. This includes
fostering the wisest use of our land and water resources, protecting our fish and wildlife,
preserving the environmental and cultural values of our national parks and historical places, and
providing for the enjoyment of life through outdoor recreation. The Department assesses our
energy and mineral resources and works to assure that their development is in the best interests
of all our people. The Department also has a major responsibility for American Indian
reservation communities and for people who live in Island Territories under U.S.administration.
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APPENDIX B
UDEC SCRIPT FILES
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ACCELERATION FILE
movie off
;SETUP GEOMETRY
;units in meters
round 0.05
-. 61,-.305 -. 61,7.62
-. 61,0.0 6.1,0.0
0.0,0.0 0.0,7.62
5.49,0.0 5.49,7.62
0.0,7.32 5.49,7.32
-. 61,7.5 0.0,7.5
5.49,7.5 6.1,7.5
.61,0.0 .61,7.32
4.88,0.0 4.88,7.32
0.0,.61 5.49,.61
0.0,1.22 5.49,1.22
0.0,1.83 5.49,1.83
0.0,2.44 5.49,2.44
0.0,3.05 5.49,3.05
0.0,3.66 5.49,3.66
0.0,4.26 5.49,4.26
0.0,4.88 5.49,4.88
0.0,5.49 5.49,5.49
0.0,6.1 5.49,6.1
0.0,6.71 5.49,6.71
6.1,7.62 6.1,-.305
delete range -0.62,0.1 -0.1,7.5
delete range 5.4,6.2 -0.1,7.5
delete range .6,4.9 -0.1,7.4
fix range -.62,6.2 -.5,0
fix range -.62,0.0 7.35,7.7
fix range 5.49,6.1 7.35,7.7
;MATERIAL PROPERTIES
prop mat=l dens=2750 ;kg/m^3
prop jmat=l jkn=20e9 jks=20e9 jfric=89 ;Pascals
prop jmat=2 jkn=20e9 jks=20e9 jfric=0 ;Pascals
change jmat=2 range -.62,0.0 7.35,7.7
change jmat=2 range 5.49,6.1 7.35,7.7
;DYNAMIC PROPERTIES
set gravity 0 -9.81
damp local
;MOVIE SETUP
movie file movie/acceleration.dcx
movie step 100000000
movie on
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block
crack
crack
crack
crack
crack
crack
crack
crack
crack
crack
crack
crack
crack
crack
crack
crack
crack
crack
crack
;FIND EQUILIBRIUM
set plot jpg bw
cycle time 1
plot block vel
copy equilibrium.jpg
damp 2 505.3 stiff
;DEFINE ACCELERATION LOADING
def find block
iab = b near(2.8,-.2)
end
find block
def mark time
starttime = time
end
mark time
def pulse
whilestepping
dytime = time - starttime
xgrav = dytime
ygrav = -9.81
end
;SETUP HISTORIES (DATA POINTS)
hist ncyc=2000
hist xvel (5,5)
label hist 1
Base Horizontal Velocity
hist xdis (5,5)
label hist 2
Base Horizontal Displacement
;APPLY HORIZONTAL ACCELERATION
movie step t100000
cycle time 3
pl bl vel
copy wall400sec.jpg
cycle time 0.75
pl bl vel
copy wall475sec.jpg
cycle time 0.25
pl bl vel
copy wall500sec.jpg
cycle time 0.25
pl bl vel
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copy wall525sec.jpg
movie step 10000
;cyc time 3.0
plot hold hist 1
copy historyl.jpg
plot hold hist 2
copy history2.jpg
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IMPULSE FILE
movie off
;SETUP GEOMETRY
;units in meters
round 0.05
block -.61,-.305 -.61,7.62
crack -.61,0.0 6.1,0.0
crack 0.0,0.0 0.0,7.62
crack 5.49,0.0 5.49,7.62
crack 0.0,7.32 5.49,7.32
crack -.61,7.5 0.0,7.5
crack 5.49,7.5 6.1,7.5
crack .61,0.0 .61,7.32
crack 4.88,0.0 4.88,7.32
crack 0.0,.61 5.49,.61
crack 0.0,1.22 5.49,1.22
crack 0.0,1.83 5.49,1.83
crack 0.0,2.44 5.49,2.44
crack 0.0,3.05 5.49,3.05
crack 0.0,3.66 5.49,3.66
crack 0.0,4.26 5.49,4.26
crack 0.0,4.88 5.49,4.88
crack 0.0,5.49 5.49,5.49
crack 0.0,6.1 5.49,6.1
crack 0.0,6.71 5.49,6.71
6.1,7.62 6.1,-.305
delete range -0.62,0.1 -0.1,7.5
delete range 5.4,6.2 -0.1,7.5
delete range .6,4.9 -0.1,7.4
fix range -.62,6.2 -.5,0
fix range -.62,0.0 7.35,7.7
fix range 5.49,6.1 7.35,7.7
;MATERIAL PROPERTIES
prop mat=1-i dens=3200 ;kg/m^3
prop jmat=l jkn=20e9 jks=20e9 jfric=89 ;Pascals
prop jmat=2 jkn=20e9 jks=20e9 jfric=0 ;Pascals
change jmat=2 range -.62,0.0 7.35,7.7
change jmat=2 range 5.49,6.1 7.35,7.7
;DYNAMIC PROPERTIES
set gravity 0 -9.81
damp local
;MOVIE SETUP
movie file movie/pulse.dcx
movie step 100000000
movie on
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;FIND EQUILIBRIUM
set plot jpg bw
cycle time 1
plot block vel
copy equilibrium.jpg
damp 2 505.3 stiff
;DEFINE IMPULSE
def find block
iab b near(2.8,-.2)
iab2 = b near(-.31,7.5)
iab3 = b near(5.8,7.5)
end
find block
def mark time
starttime = time
end
mark time
def pulse
whilestepping
dytime = time - starttime
xpulse = 2.0*pi*freq*ampl*sin(2.0*pi*freq*dytime)
if dytime > tend then
xpulse = 0.0
endif
b xvel( iab) = xpulse
b xvel( iab2) = xpulse
b xvel( iab3) = xpulse
end
;set frequency (Hz) and amplitude (meters) of displacement
set freq=1.333333 ampl-.08 tend=0.75
;use max acc = 6.0 m/s2 --> ampl=acc/((2(pi)f)^2)
;SETUP HISTORIES (DATA POINTS)
hist ncyc=2000
hist xvel (5,5)
label hist 1
Base Horizontal Velocity
hist xdis (5,5)
label hist 2
Base Horizontal Displacement
;APPLY HORIZONTAL ACCELERATION
movie step 100000
cycle time 2
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pl bl vel
copy pulsel.jpg
cycle time 1
pl bl vel
copy pulse2.jpg
cycle time 0.5
pl bl vel
copy pulse3.jpg
cycle time 0.4
pl bl vel
copy pulse4.jpg
movie step 10000
plot hold hist 1
copy pulsehistoryl.jpg
plot hold hist 2
copy pulsehistory2.jpg
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